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•  Synthesis  of  LBL  assembly  of 
graphene/carbon-coated  mesoporous 
Sn02  spheres. 

•  Binder  and  additives  free  electrodes 
as  anode  materials  for  lithium  ion 
batteries. 

•  The  LBL  assembled  electrodes 
possess  high  reversible  Li  storage 
capacity. 

•  LBL  assembled  electrodes  show 
excellent  rate  capability  at  high  spe¬ 
cific  current. 
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We  report  layer-by-layer  (LBL)  assembly  of  graphene/carbon-coated  mesoporous  Sn02  spheres  (Gr/C- 
Sn02  spheres),  without  binder  and  conducting  additives,  as  anode  materials  with  excellent  Li-ion 
insertion— extraction  properties.  Our  results  indicate  that  these  novel  LBL  assembled  electrodes  have 
high  reversible  Li  storage  capacity,  improved  cycling,  and  especially  good  rate  performance,  even  at  high 
specific  currents.  The  superior  electrochemical  performance  offered  by  these  LBL  assembled  Gr/C-Sn02 
spheres  is  attributed  to  the  enhanced  electronic  conductivity  and  effective  diffusion  of  Li  ions  in  the 
interconnected  network  of  nanoparticles  forming  the  mesoporous  Sn02  spheres. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs)  are  considered  excellent  energy 
storage  devices  due  to  their  high  energy  density,  cycling  stability  and 
rate  capability,  with  many  potential  applications  such  as  portable 
electronic  devices,  hybrid  electric  vehicles,  tablet  PCs  and  notebooks 
[1-4].  In  this  respect  various  materials  have  been  investigated  as 
anode  materials  for  lithium  ion  batteries  [5-7].  Among  these,  tin 
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oxide  (Sn02)  is  considered  as  one  of  the  most  attractive  Li+  insertion 
anode  materials  to  replace  graphite  in  next  generation  Li-ion  bat¬ 
teries  due  to  its  high  theoretical  capacity  (782  mAh  g-1)  and  low 
discharge  potential  [8-10].  However,  it  is  well  known  that  the  huge 
volumetric  expansion/shrinkage  due  to  the  alloying/dealloying  re¬ 
actions  of  Sn02  with  lithium  causes  severe  mechanical  disintegra¬ 
tion  (such  as  cracking  and  pulverization),  breakdown  of  the 
electrical  conduction  pathways  in  the  electrodes,  and  even  the  loss 
of  physical  and  electronic  integrities  of  the  active  material  which 
consequently  degrades  device  performance  [11-13].  In  order  to 
solve  these  major  technical  challenges,  we  have  employed  a  double 
protection  approach.  We  have  developed  a  multi-component 
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material  that  includes  multiple  layers  of  mesoporous  Sn02  spheres, 
each  coated  with  a  thin  carbon  layer,  and  that  are  sandwiched  be¬ 
tween  layers  of  graphene.  The  material  is  fabricated  using  a  simple 
and  scalable  hierarchical  bottom-up  layer-by-layer  (LBL)  assembly 
approach,  shown  in  Fig.  1.  The  graphene  layers  not  only  provide 
electronic  conductivity  and  flexibility,  but  also  can  accommodate 
the  mechanical  stress  induced  by  the  substantial  volume  expansion 
and  shrinkage  of  the  high-capacity  Sn02  spheres  [14-16].  The  thin 
layer  of  carbon  coating  on  each  Sn02  sphere  provides  additional 
stability  and  conducting  paths  during  lithium  insertion  and 
extraction  [17,18].  Furthermore,  this  design  maximizes  the  utiliza¬ 
tion  of  the  Sn02  by  structuring  it  in  the  form  of  mesoporous  spheres 
that  are  composed  of  interconnected  nanoparticles,  thereby  signif¬ 
icantly  increasing  the  surface  area  available  for  efficient  reaction  of 
lithium  with  the  Sn02  anode.  An  advantage  of  this  design  is  that 
polymer  binders  and  conductive  additives  which  are  commonly 
used  for  other  electrode  materials  are  not  needed,  improving  the 
overall  energy  density  of  the  batteries. 

2.  Experimental 

2.1.  Materials  preparation 

Tin(IV)  chloride  pentahydrate  (98%),  D-glucose  (99.9%),  graphite 
powder,  sulfuric  acid,  hydrazine  hydrate,  ammonium  hydroxide, 
and  ethanol  (90%)  were  all  purchased  from  Sigma  Aldrich  and  used 
as  received.  Carbon  coated  mesoporous  Sn02  spheres  were  syn¬ 
thesized  in  three  steps.  In  the  first  step,  Sn02  nanoparticles  was 
synthesized  via  a  hydrothermal  method  [19].  In  a  typical  reaction, 
7  g  of  SnCl4-5H20  (0.5  M)  was  dissolved  in  40  ml  of  distilled  water 
(DI  water)  under  vigorous  stirring  for  1  h.  The  solution  was  then 
sealed  in  a  teflon  lined  autoclave  and  kept  in  a  furnace  at  180  °C  for 
2  h.  The  obtained  nanoparticles,  were  filtered,  washed  and  dried.  In 
the  second  step,  Sn02  spheres  were  prepared.  0.2  g  of  as-prepared 
Sn02  nanoparticles  were  dispersed  in  40  ml  DI  water,  followed  by 
adding  1  g  of  D-glucose.  Then  the  mixture  was  continuously  stirred 
for  2  h  and  transferred  to  a  teflon  lined  autoclave  and  kept  in  the 
furnace  at  180  °C  for  6  h.  This  was  resulted  in  the  formation  of  the 
carbon  layer  and  SnC^  spheres,  which  was  composed  of  an 


assembly  of  about  10  nm  nanoparticles  (Fig.  SI).  These  spheres 
were  washed  with  water  and  ethanol  and  dried  in  a  vacuum  oven 
overnight.  In  order  to  prepare  well  shaped  and  uniform  sphere 
structure,  different  hydrothermal  synthesis  time  were  conducted. 
We  observed  that  the  growth  of  spheres  started  within  the  first  4  h 
and  was  completed  in  6  h;  moreover,  if  the  reaction  time  was  more 
than  6  h  the  mesoporous  nature  of  the  spheres  diminishes  and  they 
were  converted  to  agglomerated,  non-porous  spheres  as  shown  in 
supporting  information  (Fig.  S2).  In  the  third  step,  to  improve  the 
crystallinity  of  the  carbon  layer,  annealing  was  performed  at  500  °C 
in  N2  atmosphere  for  4  h,  after  which  the  black  color  powder  was 
successfully  achieved.  The  well-shaped  sphere  structure  around 
1  pm  could  be  confirmed  from  SEM  (Fig.  2a  and  b).  The  mesoporous 
sphere  structure  is  further  investigated  through  TEM  images  which 
is  composed  of  an  assembly  of  about  10  nm  nanoparticles  as  shown 
in  Fig.  2  d  and  e  Graphene  was  produced  by  the  reduction  of 
graphite  oxide,  which  was  prepared  by  an  original  Hummers 
method  (SI,  Preparation  of  graphene). 

2.2.  Electrode  preparation 

The  LBL  assembly  of  graphene/C-coated  mesoporous  Sn02 
spheres  (Gr/C-SnC^)  into  electrodes  was  carried  out  using  the 
vacuum  filtration  (VF)  method  on  a  porous  alumina  membrane 
filter  (0.2  pm  pore  size  and  25  mm  diameter;  Whatman).  The  C- 
coated  mesoporous  Sn02  spheres  and  graphene  were  dispersed 
separately  in  DI  water  and  ultrasonicated  for  1  h,  resulting  in 
concentrations  of  both  solutions  of  0.25  mg  mL-1  for  electrode 
assembly.  Each  layer  of  the  composite  layered  electrodes  was 
formed  by  vacuum  filtration  of  1  mL  solution  of  either  graphene  or 
C-coated  mesoporous  Sn02  spheres.  By  this  method,  the  number  of 
layers  and  concentration  of  each  layer  could  be  optimized.  First  the 
graphene  solution  was  filtered  by  passing  through  the  porous 
alumina  membrane  pores,  trapping  the  graphene  on  the  membrane 
surface,  forming  a  homogeneous  layer.  Next  the  C-coated  Sn02 
mesoporous  spheres  solution  was  filtered  placing  the  spheres  on 
the  graphene  surface.  We  realized  that  more  layers  would  pulled  off 
the  electrode  from  the  porous  alumina  membrane  template  as 
shown  in  supporting  information  (Fig.  S3).  Hence,  after  filtration  of 


m 
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Fig.  1.  Schematic  view  of  the  preparation  of  the  assembled  graphene/C-coated  mesoporous  Sn02  spheres.  Steps  (la)  graphene  and  (lb)  C-coated  mesoporous  Sn02  spheres;  Step  (2) 
represents  the  LBL  assembly  on  Cu  foil.  Step  (3)  represents  lithiation  and  delithiation  in  the  LBL  assembly. 
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Fig.  2.  (a)  and  (b)  FE-SEM  images  of  C-coated  mesoporous  Sn02  spheres,  (c)  High  resolution  cross  section  SEM  image  showing  spheres  sandwiched  between  the  graphene  layers,  (d) 
TEM  image  of  spheres,  (e)  HRTEM  image  of  a  single  nanocrystal,  (f)  SAED  pattern  of  an  individual  carbon  coated  Sn02  sphere. 


9  layers  (5  layers  graphene,  and  4  layers  of  C-coated  mesoporous 
Sn02  spheres),  the  prepared  film  was  placed  directly  into  a  bath  of 
3  M  NaOH  solution.  Finally,  the  porous  alumina  membrane  was 
dissolved,  and  the  thin  Gr/C-SnC^  sphere  film  was  floated  on  the 
surface  of  the  NaOH  solution.  The  film  was  then  transferred  to  a 
water  bath.  This  step  was  repeated  several  times  to  remove  NaOH 
traces.  Finally,  a  piece  of  copper  foil  was  immersed  in  the  water 
bath  allowing  the  film  to  transfer  to  the  Cu  foil.  The  as-formed 
electrodes  were  kept  overnight  at  80  °C  in  a  vacuum  oven  for  sol¬ 
vent  evaporation.  Fig.  S4  shows  the  overall  process  involved  in 
transferring  the  LBL  assembled  Gr/C-Sn02  sphere  electrode  to  the 
Cu  foil.  The  LBL  assembly  of  graphene  Sn02  nanoparticles  electrode 
(Gr/Sn02  NP)  was  also  prepared  via  same  procedures  to  compare 
the  electrochemical  performance  with  that  of  Gr/C-Sn02  spheres 
electrodes.  Sn02  nanoparticles  was  previously  synthesized  (as 
described  in  the  Experimental  section). 

2.3.  Physical  characterization 

Structural  analysis  of  the  samples  was  performed  with  an  X-ray 
diffraction  system  ((XRD,  Bruker,  D8  ADVANCE))  using  Cu  Ka  radia¬ 
tion  with  a  wavelength  of  1.5418  A  Field  emission  scanning  electron 
microscopy  (FE-SEM,  Nova  Nano)  and  transmission  electron  micro¬ 
scopy  (300  KV  TEM,  FEI-CM30)  were  used  to  investigate  the 
morphology  of  the  C-coated  mesoporous  SnC^  spheres  and  elec¬ 
trodes.  Surface  area  and  pore  size  distribution  measurement  (ASAP 
2420,  surface  area  and  pore  size  analyzer,  Micromeritics)  was  carried 
out  by  nitrogen  adsorption  and  desorption.  Raman  spectroscopic 
measurements  were  carried  out  using  a  LabRam  Aramis  Raman 
spectrometer  with  a  He-Ne  laser  having  an  excitation  wavelength  of 
633  nm.  Thermogravimetric  analysis  (TGA)  was  performed  using  a  TG 
209  FI  Iris  system  at  a  heating  rate  of  5  °C  min-1  in  flowing  air. 

2.4.  Electrochemical  characterization 

The  electrochemical  measurements  were  performed  using  coin 
cells  (CR2032,  MTI)  in  the  voltage  range  of  0.005-3.00  V,  with  Li 
metal  as  the  counter  and  reference  electrode.  The  electrolyte  was  a 
mixture  of  lithium  salt  and  organic  solvents.  The  LiPF6  was 


dissolved  in  ethylene  carbonate  (EC)/diethylene  carbonate  (DEC) 
(1:1,  by  weight)  to  obtain  the  electrolytic  solution  of  1  M  LiPF6 
about  0.2  mL  of  electrolyte  was  used  in  each  experiment.  The  coin 
cells  were  assembled  in  an  argon-filled  glove  box  (MBRAUN)  with 
oxygen  and  moisture  less  than  0.1  ppm.  Charge/discharge  tests 
were  performed  at  various  specific  currents  using  a  Bio-logic  VMP3 
EC-Lab  system.  Electrochemical  impedance  spectroscopy  (EIS)  was 
performed  by  applying  a  sine  wave  with  an  amplitude  of  5.0  mV 
over  the  frequency  range  of  1000  kHz-0.01  Hz  at  open  circuit 
voltage  (OCV  states)  before  electrochemical  cycle. 

3.  Results  and  discussion 

Fig.  2a— c  shows  the  surface  morphologies  of  the  spheres  and  the 
LBL  assembly  of  the  Gr/C-Sn02  spheres  electrode,  investigated  by 
FE-SEM.  The  FE-SEM  images  show  that  as-prepared  carbon  coated 
mesoporous  structures  are  spherical  in  shape  with  an  average 
diameter  of  1  pm.  The  cross-sectional  FE-SEM  images  of  these  Gr/C- 
Sn02  spheres  in  Fig.  2c  show  that  the  spheres  are  uniformly 
sandwiched  between  the  graphene  sheets  (marked  by  the  arrows 
in  the  high  resolution  SEM  image  in  Fig.  2c).  Fig.  S5  shows  a  top 
view  of  the  LBL  electrode,  where  the  spheres  are  visible  (marked  by 
red  circles)  under  the  graphene  layer.  The  uniformity  and  thickness 
of  the  carbon  layer  on  the  spheres  was  studied  by  high  resolution 
TEM  analysis.  Fig.  2d  and  e  shows  that  the  as-prepared  spheres 
composed  of  an  assembly  of  nanoparticles  have  mesoporous 
structure.  Fig.  2e  shows  an  HRTEM  image  of  Sn02  nanocrystals, 
which  confirmed  the  uniform  carbon  layer  coated  on  the  surface  of 
nanoparticles.  The  thickness  of  the  carbon  layer  is  about  2  nm. 
Fig.  2f  shows  a  SAED  pattern  which  confirms  the  polycrystalline 
nature  of  the  spheres. 

Fig.  3a  shows  XRD  patterns  of  SnC>2  nanoparticles,  C-coated 
Sn02  spheres  after  calcination  at  500  °C,  and  the  LBL  film  of  Gr/C- 
Sn02  spheres.  All  diffraction  peaks  are  indexed  as  rutile  SnC^ 
(JCPDS  card  no.  41-1445)  without  any  traces  of  other  crystalline 
phases  or  byproducts.  In  order  to  confirm  the  coating  of  carbon 
over  the  Sn02  spheres,  we  have  done  Raman  analysis.  The  broad¬ 
ness  of  D  and  G  band  indicative  of  carbon  coating  which  is  amor¬ 
phous  nature.  As  it  is  amorphous,  we  could  not  find  any  diffraction 
signal  while  doing  XRD.  Raman  spectra  of  the  LBL  assembly  of  Gr/C- 
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Raman  shift  (cm'1) 


Fig.  3.  (a)  XRD  patterns  of  the  (I)  as-prepared  Sn02  nanoparticles  (II)  C-coated  mesoporous  Sn02  spheres  after  annealing  at  500  °C  for  4  h  and  (III)  LBL  assembly  of  Gr/C-Sn02 
spheres,  (b)  Raman  spectra  of  (I)  LBL  assembly  of  Gr/C-Sn02  spheres  and  (II)  C-coated  mesoporous  Sn02  spheres  after  annealing  at  500  °C  for  4  h.  (c)  Nitrogen  adsorption- 
desorption  isotherms  curves  for  mesoporous  Sn02  before  annealing  (I)  and  carbon  coated  Sn02  spheres  (II)  after  annealing  at  the  500  °C  for  4  h.  (d)  The  pore  size  distributions  for 
mesoporous  Sn02  before  annealing  (I)  and  carbon  coated  Sn02  spheres  after  annealing  (II). 


Sn02  spheres  (red  curve  (in  the  web  version),  (I))  and  carbon  coated 
Sn02  spheres  (black  curve,  (II))  are  shown  in  Fig.  3e.  It  can  be  seen 
that  both  materials  show  the  D  and  G  bands  at  around  1347  and 
1587  cm-1  respectively.  It  is  known  that  D  band  is  related  to  gra¬ 
phene  disordered  structures  and  G  band  related  to  the  graphene 
crystalline  structure  [20-22].  The  peak  found  at  620  cm-1  in  the 
Raman  spectrum  of  the  C-coated  Sn02  spheres  and  LBL  assembly  of 
Gr/C-Sn02  spheres  can  be  assigned  to  the  Aig  active  modes  of 
crystalline  Sn02  [23]. 

The  porous  structure  of  the  as  prepared  SnCb  and  carbon  coated 
Sn02  spheres  after  annealing  at  500  °C,  was  investigated  employing 
N2  adsorption-desorption  isotherms  (shown  in  Fig.  3c).  The  plot 
corresponds  to  the  type-IV  isotherms  hysteresis  loops,  which  in¬ 
dicates  the  mesoporous  nature  of  the  samples.  The  surface  area  of 
mesoporous  Sn02  spheres,  black  curve,  (I)  exhibited  73.53  m2  g-1 
while  the  red  curve  (II)  after  annealing  shows  a  surface  area  of 
56.88  m2  g-1.  According  to  the  BET  results,  as  prepared  spheres 
have  a  slightly  large  pore  diameter  as  compared  to  the  annealed 
Sn02  spheres  (Fig.  3e),  which  may  be  due  to  the  fact  that  carbon 
layer  on  Sn02  surface  leading  to  the  shrinkage  of  pores  upon 
calcination.  Thermogravimetric  analysis  (TGA)  was  performed  to 
quantitatively  determine  the  amount  of  carbon  present  in  the  final 
products  and  the  results  are  shown  in  supporting  information 
(Fig.  S6).  It  can  be  seen  that  weight  loss  takes  place  in  the  tem¬ 
perature  between  300  and  900  °C  implying  that  the  anode  material 
is  composed  of  45%  carbon. 

To  evaluate  the  potential  of  the  LBL  assembly  of  Gr/C-Sn02 
spheres  in  Li  ion  batteries,  we  investigated  their  electrochemical 
response  with  respect  to  Li  insertion— extraction.  Furthermore,  we 
compared  the  performance  of  LBL  assembly  of  Gr/C-Sn02  spheres 


to  the  LBL  assembly  of  graphene/Sn02  nanoparticles  (Gr/Sn02  NP). 
Fig.  4a  and  b  shows  the  first  three  cyclic  voltammogram  (CV)  curves 
of  LBL  assembled  Gr/C-Sn02  NP  and  LBL  Gr/C-Sn02  sphere  elec¬ 
trode  respectively.  The  CV  was  conducted  at  a  scan  rate  of 
0.2  mV  s-1  from  3  to  0.005  V.  As  can  be  seen  from  Fig.  4a  and  b,  the 
profiles  of  these  curves  are  in  good  agreement  with  the  electro¬ 
chemical  behavior  of  SnC^-based  anodes  as  reported  in  literature 
[24,25]. 


Li+  +  e  +  electrolyte  -►  solid  electrolyte  interphase  (SEI)  layer 


(i) 

Sn02  +  4Li+  +  4e  ->  Sn  +  2Li20 

(2) 

Sn  +  xLi+  +  xe_  <-►  LixSn  (0  <  x  <  4.4) 

(3) 

In  the  first  cycle,  Fig.  4a,  LBL  Gr/Sn02  NP  electrode  displays  a 
strong  reduction  peak  at  approximately  0.85  V,  which  is  assigned  to 
the  reduction  of  SnC^  to  Sn  and  the  formation  of  solid  electrolyte 
interphase  (SEI)  layers  [26,27  ]  as  described  in  Eqs.  ( 1 )  and  (2 ).  The  SEI 
formation  (Reaction  ( 1 ))  is  considered  as  a  main  irreversible  process, 
which  results  in  the  large  capacity  loss  during  the  initial  cycle. 
Another  broaden  peak  at  0.1  V  can  be  represented  to  the  formation  of 
LixSn  alloys  [28].  In  the  oxidation  curves,  the  peak  at  0.55  V  can  be 
attributed  to  the  dealloying  of  Li  from  the  Li-Sn  alloy  formed  in  the 
reductive  sweep.  This  alloying/dealloying  Li-storage  described  by 
Eq.  (3)  is  considered  to  be  highly  reversible  and  dominantly  con¬ 
tributes  to  the  reversible  lithium  storage  capacity.  The  relatively 
weak  peak  at  about  1.2  V  can  be  ascribed  to  the  partial  reversible  of 
the  second  reaction  29]  shown  in  Eq.  (2).  Several  weak  peaks 
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Fig.  4.  (a)  The  first  three  CV  curves  for  the  Gr/Sn02  NP  and  (b)  Gr/C-Sn02  spheres  at  a  scan  rate  of  0.2  mV  s  1  in  the  voltage  range  of  3-0.005  V.  (c)  Galvanostatic  discharge-charge 
profiles  for  LBL  electrode  of  Gr/Sn02  NP  and  (d)  Gr/C-Sn02  spheres  at  a  specific  current  of  100  mA  g  1  in  the  voltage  range  of  3-0.005  V. 


between  0.05  and  0.55  V  have  been  detected  during  the  third 
reduction  cycle,  which  could  be  assigned  to  the  different  level  of 
alloying  [30,31  ].  The  intensity  of  the  anodic  peaks  in  Fig.  4a  de¬ 
creases  drastically  in  the  initial  three  cycles,  indicating  poor  cycling 
stability  of  the  LBL  Gr/Sn02  NP  electrode.  In  contrast,  the  CV  profile 
of  the  LBL  Gr/C-Sn02  spheres  electrode  shows  the  suppression  of  SEI 
formation.  This  indicates  some  hindrance  of  the  electrolyte 
decomposition  reaction  during  SEI  formation  at  the  equilibrium- 
potential  range,  which  could  improve  the  initial  coulombic  effi¬ 
ciency.  Moreover,  it  is  worth  mentioning  that  the  anodic  peaks  at 
0.55  V  almost  overlap  from  the  first  to  third  cycles  without  negligible 
change,  suggesting  that  the  LBL  Gr/C-SnC^  sphere  electrode  has 
good  electrochemical  performance  as  compared  to  the  G/Sn02  NP 
electrode.  In  contrast  with  these  CV  results,  correlative  plateau  re¬ 
gions  and  higher  capacity  can  be  observed  in  the  charge-discharge 
voltage  profiles  of  the  LBL  assembled  Gr/C-SnC^  spheres  and  the  Gr/ 
Sn02  NP  electrodes.  Fig.  4c  and  d  shows  the  discharge-charge 
profiles  for  the  first  three  cycles  at  a  specific  current  100  mA  g_1 
between  0.005  V  and  3  V  for  the  LBL  Gr/Sn02  NP  electrode  and  LBL 
Gr/C-Sn02  spheres  respectively.  The  LBL  assembled  Gr/C-SnC^ 
sphere  electrode  shows  large  initial  discharge  and  charge  capacities 
of  about  1783  and  1247  mAh  g-1  (Fig.  4d)  as  compared  to  the  LBL  Gr/ 
Sn02  NP  electrode  shown  in  Fig.  4c,  which  was  shown  initial 
discharge  capacity  of  1437  mAh  g-1  and  charge  capacity  of 
884  mAh  g-1.  It  is  generally  known  that  Sn02  anodes  show  a  dra¬ 
matic  loss  in  their  initial  charge  capacity.  This  loss  of  the  irreversible 
capacity  is  mainly  due  to  the  irreversible  reduction  of  the  formation 
of  the  SEI  [32,33].  Fig.  5a  shows  the  cycling  performances  of  Gr/C- 
Sn02  spheres  and  Gr/Sn02  NP  (specific  capacity  mAh  g-1  vs  cycle 
number)  along  with  their  coulombic  efficiency.  The  first  cycle 
coulombic  efficiency  Gr/C-SnC>2  spheres  electrode  is  69.9%  which  is 


higher  than  most  literature  reports,  which  typically  show  an  initial 
coulombic  efficiency  of  Sn02  lower  than  60%  [34].  The  low 
coulombic  efficiency  of  Gr/Sn02  NP  electrode  for  the  first  cycle  is  due 
to  the  formation  of  SEI  and  the  continuous  consumption  of  lithium, 
as  there  is  no  protecting  layer  on  the  surface  of  Sn02  nanoparticles, 
thus  more  electrolyte  can  react  with  the  bare  Sn02  nanoparticles 
surface  and  result  in  a  low  coulombic  efficiency.  The  columbic  effi¬ 
ciency  reaches  99.9%  after  a  few  cycles,  indicating  highly  reversible 
charge-discharge  behavior.  The  LBL  assembled  Gr/C-Sn02  elec¬ 
trode  demonstrates  excellent  cycling  performance  compared  to  the 
Gr/Sn02  NP  electrode.  Typically  for  anodes  composed  of  Sn02  NPs, 
the  specific  capacity  fades  rapidly  35-37].  This  suggests  that  stress 
created  during  Li  insertion— extraction  in  Sn02  could  result  in 
cracking  as  well  as  loss  of  electronic  connectivity  between  particles 
leading  to  poor  cycling  performance.  The  discharge  capacity  of  Gr/C- 
Sn02  sphere  can  be  compared  with  capacities  of  graphene/Sn02- 
based  anodes  reported  in  the  literature  previously,  and  the  relevant 
data  are  presented  in  supporting  information  Table  SI.  All  capacities 
are  taken  from  the  50th  cycle  in  the  corresponding  experiments.  In 
order  to  compare  the  performance  of  the  reported  literature  with 
our  materials  correctly,  we  take  into  account  that  all  the  electrodes 
are  binder  and  conductive  additives  free  as  shown  in  Table  SI.  We 
have  obtained  a  capacity  of  502  mAh  g_1  at  a  specific  current  of 
100  mA  g-1  for  the  Gr/C-Sn02  spheres,  which  is  almost  150%  higher 
than  the  Gr/Sn02  NP  electrode  at  the  same  specific  current.  Fig.  5b 
shows  the  rate  capability  of  the  LBL  assembled  Gr/C-Sn02  sphere  and 
Gr/Sn02  NP  electrodes  (Fig.  S7,  Supporting  information  is  the  plot  of 
variation  of  the  specific  discharge  capacity  with  specific  current).  It 
can  be  observed  from  Fig.  5b  that  the  difference  between  the  specific 
capacities  of  the  LBL  assembled  Gr/C-Sn02  spheres  and  Gr/Sn02  NP 
increases  significantly  by  increasing  scan  rate.  A  reversible  capacity 
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Fig.  5.  (a)  Cycling  performance  and  coulombic  efficiency  of  (I)  Gr/C-Sn02  spheres  and  (II)  Gr/Sn02  NP  up  to  50  cycles  at  100  mA  g-1  specific  currents,  (b)  Discharge  capacity  of  the 
LBL  assembly  of  (I)  Gr/C-Sn02  spheres  and  (II)  Gr/Sn02  NP  electrode  at  different  specific  currents,  (c)  Nyquist  plots  for  Gr/C-Sn02  spheres  (I)  and  Gr/Sn02  NP  (II)  electrodes,  (d)  The 
Randles  equivalent  circuit  for  Gr/C-Sn02  spheres  and  Gr/Sn02  NP  electrode. 


of  520  mAh  g_1  was  observed  at  a  high  current  rate  of  1500  mA  g-1, 
demonstrating  an  outstanding  high-rate  performance.  When  the 
cycling  current  rate  was  again  reduced  back  to  100  mA  g  \  the 
electrode  can  still  provide  a  high  reversible  capacity  of  720  mAh  g_1, 
indicating  that  the  structure  of  the  electrode  remains  stable  even 
under  the  high  rate  cycling.  We  believe  that  the  improved  capacity 
retention  in  our  LBL  assembled  Gr/C-Sn02  spheres  could  be  due  to 
several  factors.  Firstly,  the  carbon  layer  on  the  mesoporous  Sn02 
spheres  after  carbonization  becomes  highly  electronically  conduc¬ 
tive,  which  helps  to  increase  the  reversibility  of  lithium  ion  insertion. 
Secondly,  the  thin  covering  of  graphene  sheets  on  the  carbon-coated 
Sn02  spheres  and  on  the  NPs  should  improve  their  electronic  con¬ 
ductivity.  Thirdly,  the  graphene  itself  could  store  the  Li  ions  and  the 
LBL  assembly  can  prevent  the  aggregation  and  cracking  of  the 
spheres  upon  lithiation.  Finally,  the  mesoporous  nature  of  the  C- 
coated  Sn02  spheres  make  it  possible  for  the  electrolyte  to  diffuse 
into  the  spheres  to  access  all  the  Sn02  while  sustaining  their  struc¬ 
ture.  This  is  mainly  due  to  the  porosity  between  the  particles  that 
make  up  the  Sn02  spheres,  which  buffers  the  large  volume  change 
during  lithium  ion  insertion  and  extraction. 

In  order  to  elucidate  the  effect  of  the  carbon  layer  on  the 
electrochemical  performance  of  Gr/C-Sn02  spheres,  we  have 
calculated  theoretically  the  capacity  of  the  Gr/C-Sn02  sphere 
electrode  from  the  theoretical  capacities  of  the  fully  lithiated 
composition,  Li^Sn  (994  mAh  g-1)  and  the  graphite 
(372  mAh  g-1)  [38,39]  for  comparison.  However,  we  have 
calculated  the  capacity  based  on  the  composite  weight  i.e.,  SnC>2, 
carbon  and  graphene  which  is  714  mAh  g-1.  The  composition  of 
the  Sn02  and  carbon  is  about  55%  and  45%,  respectively  based  on 
TGA  experiment.  We  have  used  the  following  formula  [40  to 
calculate  the  theoretical  capacity:  (Theoretical  =  Qno2  x  %  mass  of 
Sn02  +  Cgraphite  x  %  mass  of  graphite 


994  x  0.55  +  372  x  0.45  =  714  mAh  g-1.  We  have  obtained  stable 
capacity  of  502  mAh  g  1  which  is  below  the  theoretical  capacity 
of  714  mAh  g_1  considering  both  Sn02  and  carbon  material 
weight  together.  The  initial  discharge  capacity  of  our  Gr/C-Sn02 
spheres  and  Gr/Sn02  NP  electrode  was  1783  and  1437  mAh  g-1 
respectively  were  obtained  in  the  first  cycle.  The  high  discharge 
capacity  in  the  initial  cycles  could  be  due  to  the  irreversible 
reduction  of  Sn02  to  Sn  and  the  formation  of  the  SEI.  The  EIS 
studies  of  the  Gr/C-Sn02  spheres  (I)  and  Gr/Sn02  NP  (II)  are 
presented  as  Nyquist  plots  (71  vs.  — Z"),  where  Z'  and  Z"  refer  to 
the  real  and  imaginary  parts  of  cell  impedance,  respectively 
(Fig.  5c).  The  typical  characteristics  of  the  two  Nyquist  plots  are 
one  semicircle  in  the  medium  frequency  range  and  a  straight  line 
in  the  low  frequency  range.  No  semicircles  were  detected  in  the 
high  frequency  range  in  both  electrodes.  The  semicircles  in  high 
frequencies  usually  could  be  attributed  to  the  grain,  grain 
boundary  and  SEI  resistance  [41,42].  The  absence  of  a  semicircle 
at  high  frequencies  in  the  plots  (Fig.  5c)  suggests  that  no  interface 
exist  on  the  surface  of  electrodes  as  impedance  experiments 
were  conducted  before  electrochemical  cycle.  The  equivalent 
circuit  model  of  the  studied  system  is  shown  in  Fig.  5d  to 
represent  the  internal  resistance  of  the  test  battery,  according  to 
the  literature  43-45].  Re  is  the  electrolyte  resistance;  Rct  is 
charge-transfer  resistance.  Zw  is  the  warburg  impedance  related 
to  the  lithium  ions  diffusion  into  the  bulk  electrodes  and  CPE 
represents  the  constant  phase  element.  It  can  be  seen,  after 
coating  carbon  the  Gr/C-Sn02  spheres  electrodes  (I)  possess 
significantly  lower  charge-transfer  resistance  than  Gr/SnC^  NP 
(II)  see  Table  S2.  This  result  also  validates  that  the  introduction  of 
carbon  layers  can  improve  the  electrical  conductivity  [46,47]  of 
the  overall  electrode,  thus  greatly  enhance  rapid  electron  trans¬ 
port  and  its  porous  structure  could  allow  fast  lithium  insertion / 
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extraction,  resulting  in  significant  improvement  in  the  electro¬ 
chemical  performances. 

4.  Conclusions 

A  unique  graphene/Sn02  Li-ion  battery  anode  has  been  designed 
and  tested,  which  is  composed  of  C-coated  mesoporous  Sn02 
spheres  synthesized  by  a  hydrothermal  method.  The  C-coated 
mesoporous  Sn02  spheres  were  assembled  between  graphene 
nanosheets  by  vacuum  filtration.  The  experimental  results  show 
that  LBL  assembled  Gr/C-Sn02  spheres  exhibited  better  electro¬ 
chemical  performance  compared  to  LBL  assembled  Gr/Sn02  nano¬ 
particles  due  to  their  lower  contact  and  charge-transfer  resistance. 
We  conclude  that  LBL  assembled  Gr/C-Sn02  spheres  show  great 
promise  as  anode  materials  for  the  next-generation  lithium-ion 
batteries. 
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